Introduction {#Sec1}
============

For the past three decades, viral infections have presented a great challenge for cancer patients and oncologists. COVID-19 (coronavirus disease of 2019), caused by the SARS-CoV-2 (Severe Acute Respiratory Syndrome-Coronavirus-2) virus, continues to spread around the globe (infectivity index, R0 \~ 2.5). The mortality rate of cancer patients who contracted SARS-CoV-2 virus was reported to be 6% in comparison to 1% for healthy people in China.[@CR22],[@CR59] Cancer patients are reported three times more susceptible to SARS-CoV-2 infection with possible poor prognosis than individuals without cancer because of their systemic immunosuppressive state caused by the malignancy and anticancer treatments, such as chemotherapy or surgery (*AACR Virtual Meeting, 2020*). The continuously increasing numbers of cancer patients and the increase in numbers of COVID-19 infections in cancer patients either undiagnosed, diagnosed, under treatment or under remission, have provided a sense of urgency to understand the interconnection and develop novel therapies to co-target viral infections and cancer. However, little is known about novel SARS-CoV-2 biology and very limited to no research has been done in the context of whether and how SARS-CoV-2 infection impacts cancer cells. In this review, we provide a brief overview of the impact that COVID-19 has in cancer emergence and treatment, and highlight the emerging need to study the role of COVID-19 infection in cancer progression and treatment.

Viral Infections and Cancer {#Sec2}
===========================

The inability of the immune system to distinguish between self and non-self, results in, and links, the pathogenesis of cancer and viral infections. Both viruses and cancers express proteins that are recognizable by host T cells and both prompt T cell mediated inflammation.[@CR23] A number of oncogenic (HBV, HCV, HPV, EBV, HIV) and oncolytic viruses (Coxsackievirus, reovirus, vaccinia virus, adenovirus) are known to cause and regress various cancer types, respectively. There is a 3rd category of non-oncogenic, non-oncolytic viruses that remain understudied for their contribution in cancer growth or regression. Conflicting results for the link between cancer subtypes and viral infections have been reported in clinical and pre-clinical studies.[@CR9],[@CR30],[@CR40] For instance, a faster growth of melanoma was observed in mice challenged with lymphocytic choriomeningitis virus and PR8/H1N1/influenza A, respectively compared to the uninfected controls.[@CR29],[@CR30] This was attributed to the shunting of anti-cancer cytotoxic CD8 + T cells from tumor site to the viral infection site.[@CR30] On the contrary, a slower growth of Lewis lung carcinoma cells was observed in mice that were infected with influenza virus.[@CR25] Infection with Drosophila C virus caused an almost 30% reduction in wing discs and wing tumorigenesis in Drosophila through unknown mechanisms.[@CR43] The risk of Herpes Zoster infection in cancer patients compared to the general population is 2 to 8-fold higher.[@CR20],[@CR24] With HIV-associated immune activation on the one hand and immune senescence on the other hand, the comorbidity of HIV and cancer remains complex and multifactorial.[@CR46] Viral infection-mediated chronic inflammation has long been associated with increased tumor growth and metastasis, and non-steroidal anti-inflammatory drugs have been shown to reduce tumor growth and cancer development.[@CR10],[@CR57] It was reported that lung cancer patients showed lower immune response to influenza infection due to lower levels of interferon-beta compared to healthy controls. These lower interferon-beta levels were associated with the presence of tumor-derived exosomes that transfer epidermal growth factor receptor (EGFR) protein to immune cells such as macrophages. These macrophages could not produce sufficient interferon-beta in response to viral infection.[@CR17] This suggests that the course and outcome of the two diseases are defined by factors including the type of viral infection, type of cancer, and the immune system components involved.

COVID-19 and Cancer {#Sec3}
===================

Coronaviruses are known to primarily target the human respiratory system. COVID-19 represents the seventh member of the coronavirus family that infects humans. COVID-19 by itself remains biologically novel and not much is known about the role of novel coronavirus SARS-CoV-2 in cancer. Similar to other severe acute respiratory outbreaks (SARS-CoV, MERS-CoV), comorbidities such as hypertension and malignancy predispose COVID-19-positive patients to adverse clinical outcomes.[@CR1],[@CR19],[@CR36],[@CR37] A recent study including 1590 COVID-19 positive patients in China shows cancer as one of the more serious comorbidities that increase risk with respect to COVID-19.[@CR19],[@CR22] According to the World Health Organization, the case fatality rate for COVID-19 patients with cancer as a comorbid condition was 7.6% vs. a case fatality rate of 3.8% in the entire COVID-19 population. Therefore, it becomes clear that cancer likely influences COVID-19 pathogenesis. More than half a million people in the United States are receiving chemotherapy and more than 1.5 million people will be diagnosed with cancer. Patients who are under active chemo/radiotherapy or recently underwent stem cell transplantation are particularly at higher risk. Despite of cancer patients being at high risk of developing severe complications following SARS-CoV-2 virus infection, data on COVID-19 infection in patients with cancer is still limited. Immune dysregulation and chronic inflammation may be potential drivers of severe outcomes in COVID-19-positive cancer patients. Therefore, it is important to study the underlying mechanisms that link COVID-19 and cancer. A better understanding of the mechanistic link between the two will help to prevent negative effects of infection and also enable the design of novel therapies that target cancer and COVID-19. It is also important to consider the problem of balancing chemotherapy and antiviral medication regimens and the timing of their administration. For some patients, chemotherapy must be postponed until completion of the antiviral course of therapy, while others cannot be subjected to the viral infection therapy when undergoing treatment for their cancer.[@CR3] One large study from Japan with evaluation of over 1000 breast cancer patients reported that chemotherapy for breast cancer patients with HCV infection is feasible, and according to their experience, viral load does not change during chemotherapy.[@CR39] Further elucidation is needed to clarify whether this outcome is cancer type or other factor-specific.

Risks and Outcomes {#Sec4}
------------------

Some pressing questions that deserve attention include: Does SARS-CoV-2 infection cause or increase the risk of cancer? What is the relationship between tumor progression and COVID-19? Does SARS-CoV-2 infection have an impact on the survival of cancer patients? Do COVID-19-positive cancer patients need to be treated differently? What is the biology of interconnection between COVID-19 and cancer?

There exists no clear evidence that SARS-CoV-2 is causative, related to, or modulates cancer pathobiology (Fig. [1](#Fig1){ref-type="fig"}). The transmission of SARS-CoV-2 is frequent in the community (infectivity index or R0 \~ 2.5) and often is the source of infection in immunocompromised cancer patients. With the limited amount of data available from patients, it is unclear whether all cancer patients are at a high risk of becoming infected with SARS-CoV-2 virus. However, it is clear that cancer patients have risk of becoming more sick from COVID-19 infection especially, those who are undergoing or have recently undergone cancer-associated treatments (chemotherapy, radiotherapy, stem cell transplantation or CAR-T cell therapy).[@CR33],[@CR44] With better availability of testing, it warrants consideration that cancer patients receiving anti-tumor treatments should have vigorous screening for COVID-19 infection and their immunosuppressive treatment regimens and dosages potentially decreased in the case of COVID-19 co-infection.[@CR59] Stronger personal protection facilities should be provided to cancer patients and more intensive observation should also be considered for COVID-19-positive cancer patients, older patients in particular. Additionally, unnecessary in-person clinic visits of cancer patients should be avoided to prevent the transmission of virus. This can be achieved through the use of oral therapies. Therefore, cancer patients are at risk for severity of infection but not for contracting the infection. Regarding the symptoms of COVID-19 in cancer patients, for the most part, the symptoms of COVID-19 are the same in cancer patients as in the general population (fever, coughing and shortness of breath).[@CR27],[@CR31] However, steroids or other treatments in cancer patients may suppress the fever symptom of COVID-19. If a cancer patient tests positive for COVID-19, the decision on treatment may depend on the type of cancer, stage of treatment, and severity of COVID-19.Figure 1The interconnection between COVID-19 and cancer.

With regards to the biological interconnection between COVID-19 and cancer, ACE2, cytokine storm, age and coagulopathy are few strong factors that connect COVID-19 and cancer. A deeper understanding of these connecting links may guide us in finding novel anti-viral and anti-cancer therapeutic options (Fig. [1](#Fig1){ref-type="fig"}).

Angiotensin Converting Enzyme 2 (ACE2) {#Sec5}
--------------------------------------

ACE2 is a carboxypeptidase that converts angiotensin I to angiotensin 1-9 and angiotensin II to angiotensin 1--7. It is an important regulator of heart function and has a protective role in acute lung injury.[@CR12],[@CR50],[@CR51] Like SARS-CoV, SARS-CoV-2 also enters human cells through angiotensin 1 converting enzyme 2 (ACE2).[@CR56],[@CR60] The spike protein of SARS-CoV-2 virus binds to ACE2, and together with ACE2, enters the cell to replicate and expand.[@CR53] ACE2 is usually expressed in multiple organs, including respiratory, cardiovascular, digestive and urinary systems in healthy individuals, and its expression levels in specific cellular subtypes has been shown to be viral infection- and interferon-driven.[@CR11],[@CR21],[@CR62] In comparison to healthy individuals, the expression levels of ACE2 is different in cells and tissues of cancer patients. A recent study from China indicates that the expression of ACE2 is gradually increased from healthy control, adenoma, to colorectal cancer patients and speculates that cancer patients are more likely to be infected with SARS-CoV-2 than healthy people. Lately, it has been reported that patients with tumors, with high expression level of ACE2, are more likely to be susceptible to SARS-CoV-2 infection and have poor prognosis.[@CR11],[@CR19],[@CR34] Renal tissue shows higher expression levels of ACE2, and this might explain why most COVID-19 patients have renal dysfunction.[@CR35],[@CR53] However, according to the Human Protein Atlas, higher levels of ACE2 in renal and liver cancers have been demonstrated to be associated with favorable prognosis. Furthermore, decreased levels of ACE2 were reported in non-small cell lung cancer (NSCLC), and its overexpression had a protective effect in NSCLC and breast cancer *via* inhibiting cell growth and angiogenesis.[@CR15],[@CR16],[@CR58] Moreover, ACE2 is present on the X chromosome, meaning males have one copy and females two, however the observed risk of infection is not lower in men compared to women. According to a study in 159 COVID-19 patients in Italy, male patients were reported to exhibit more severe outcomes than females.[@CR18] Reports suggest that ACE2 protects mice against acute lung injury and avian influenza. Some of the H5N1 infected patients that have higher ACE2 levels in their serum showed better outcomes to avian influenza infection, and treating mice with human ACE2 prevented lung injury.[@CR7],[@CR63] However, there is a possibility that the widespread distribution of ACE2 in multiple organs may be responsible for the fact that more deaths from COVID-19 have been caused by multiple organ dysfunction syndrome rather than respiratory failure. Unfortunately, insufficient research has been done to confirm the mechanistic link between ACE2 expression and SARS-CoV-2 infection in cancer. Thus, it would be worthwhile to test whether levels of ACE2 increases or decreases in various tissues of cancer patients and COVID-19 patients and how this impacts COVID-19 infection in these patients.

Cytokine Storm {#Sec6}
--------------

Components of both innate and adaptive immunity shape the course of malignancy. This also involves alterations in cytokine profiles in cancer patients. Cytokine storm or cytokine release syndrome (CRS) is a systemic inflammatory response that can be triggered by factors such as pathogenic infections, chimeric antigen receptor (CAR)-T cell therapy, antibody treatments and certain drugs.[@CR6],[@CR45] The induction of a cytokine storm is the root cause of pathogenic inflammation both in SARS-CoV and SARS-CoV-2 infection. Cao *et al*. reported the presence of a lethal cytokine storm in the immune system of severe SARS-CoV-2 infected patients, with pneumonitis signatures in their lung CT scans.[@CR4] COVID-19 patients are reported to have elevated levels of interleukin-6 (IL-6), interleukin-1 beta (IL-1β) in serum, tumor necrosis factor-alpha (TNF-α), lactate dehydrogenase, and increased levels of circulating monocytes.[@CR5],[@CR54] These extensive pro-inflammatory and interferon antagonizing properties in COVID-19 patients mimic those observed in cancer patients receiving CAR-T cell therapy or immunotherapy.[@CR38] Though the cytokine levels in COVID-19 patients experiencing acute respiratory disease syndrome (ARDS) are lower than those observed in CRS in cancer patients receiving CAR-T cell or immunoglobulin therapies, the experience and understanding of cancer biologists and oncologists in modulating severe inflammatory response may prove highly beneficial in this setting. It is clear that cytokine release and macrophage activation results in the immunopathology in COVID-19 disease and thus, anti-inflammatory cancer drugs may be repurposed for decreasing the morbidity in COVID-19 patients.

Age {#Sec7}
---

The risk of cancer increases as we grow older. According to the National Cancer Institute, a quarter of new cancer diagnoses are in individuals aged between 65 and 74 years of age. One possible explanation out of many include the fact that as we grow older we accumulate more mutations due to prolonged exposure to carcinogens. Other possible explanations include increased chronic inflammation in the microenvironment, weaker immune system and less effective DNA damage repair mechanisms.[@CR55] Similarly, older adults are at elevated risk for developing more serious complications from COVID-19 illness. According to the Center for Disease Control, 8 out of 10 COVID-19-related deaths in the USA have been in adults 65 years old and older. We may speculate that some of the underlying reasons for severe outcomes of SARS-CoV-2 virus infection in older individuals may be similar to those observed in cancer patients. However, further research must be done to identify the molecular interconnection between age, cancer and COVID-19.

Coagulopathy {#Sec8}
------------

Both, cancer and COVID-19 are associated with coagulopathy in a complex manner. Thrombotic and bleeding complications are leading causes of death in cancer patients and are often associated with the morbidities in COVID-19 patients. Various pro-thrombotic properties of tumor cells including release of cytokines, cysteine proteases, tumor microparticles and other pro-coagulants can cause an imbalance in hemostasis. Additionally, the contribution of pulmonary embolism in coagulopathy in cancer is also an active area of research.[@CR14] Disseminated intravascular coagulation (DIC) is associated with 71.4% of COVID-19 non-survivors and is a strong predictor of mortality in COVID-19 patients. Increased levels of D-dimer and prothrombin and decrease in fibrinogen was reported in these patients at days 10--14.[@CR32],[@CR49],[@CR61] This emphasizes the importance of frequent and regular monitoring and maintaining of these factors in COVID-19 and cancer patients. More insights into the molecular connections of these disease conditions to coagulopathy may help in reducing the associated mortality in these patients.

Treatment Approaches in COVID-19 and Cancer {#Sec9}
===========================================

The success in treatment of viral infections and cancer is unprecedented, however the comorbidity of both conditions poses a major challenge in the management of these patients. The major points of consideration include the balancing and optimization of anti-cancer and anti-viral therapeutic regimens and the timeline of administration. For example, Borchardt *et al*. reported that for hepatitis C virus (HCV)-positive cancer patients, chemotherapy should be delayed until the course of anti-viral therapy and *vice versa*.[@CR3] On the contrary, after evaluation of over 1000 breast cancer patients in Japan it was observed that chemotherapy of HCV-positive breast cancer patients is feasible with no significant adverse effects.[@CR39] However, when ovarian cancer patients undergoing chemotherapy receive influenza vaccine, they are unable to generate antibody response to the vaccination.[@CR8] It is worthwhile to examine whether both anti-cancer and anti-COVID-19 therapies can be administered simultaneously in a safe manner, and further efforts will be needed to address the degree to which such outcomes are dependent on the type of cancer, viral infection and therapy.

Clearly, the most promising approach for preventing or fighting a viral infection is *via* vaccination. However, the vaccine development against SARS-CoV-2 virus remains in its early stages and so far, no approved vaccine candidate exists.[@CR42] Globally, pharmaceutical and research organizations are aggressively pursuing efforts to develop an effective candidate vaccine to neutralize SARS-CoV-2 virus and are also directing preexisting anti-viral drugs as well as convalescent serum from COVID-19 recovered patients. However, in the meantime options are needed to support the severe inflammatory response and respiratory complications that occur in severe COVID-19 patients. Cocktails of different monoclonal antibodies (mAbs) that recognize the different epitopes on the viral surface may have better efficacy in neutralizing the SARS-CoV-2 virus. Cytokines present another promising target, especially IL-6 as higher levels are correlated with cytokine storm in COVID-19 patients. Oncologists have been using IL-6 inhibitors (for example, tocilizumab and siltuximab mAbs) for the management of CRS in cancer patients receiving CAR-T cell therapy. Another pro-inflammatory cytokine upstream of IL-6 is IL-1, which is also upregulated in CRS. IL-1 receptor antagonists such as anakinra have been frequently used to treat arthritis patients with CRS symptoms. Calcineurin inhibitors present another class of nontoxic immunosuppressants that impair T cell function and thereby reduce cytokine levels. These may help to mitigate the severe COVID-19 symptoms in patients. Lung cancer patients undergoing immunotherapy and with immune related severe adverse responses have benefitted from tocilizumab.[@CR48] It is important to consider however that comorbidities from CRS symptoms due to cancer immunotherapies and SARS-CoV-2 infection could be fatal in patients.

The presence of viral gene components vital for the unchecked proliferation of viruses in host cancer cells may also provide targets for directed and tolerable effective therapies.[@CR26],[@CR28] This may also help researchers to understand key differences between the biology of COVID-19-infected cancer vs. normal host cells. Increased understanding of the relevant constituents of the immune system is likely to lead to new biological strategies to fight the serious co-morbidity arising from viral infections in cancer patients. Recent insights into the roles of dendritic cells, T cells and natural killer cells in the pathology and therapies of cancer and viral infections motivate one to better understand and develop novel immunomodulatory therapeutic strategies to co-target these diseases. As innate effectors, functional natural killer cells can orchestrate antiviral responses against influenza infection and they are also reported as potential host-directed anti-cancer agents.[@CR13],[@CR41],[@CR52] Moreover, due to their associated negligible graft vs. host signature, they may provide a safer and faster alternative to co-target COVID-19 and cancer.[@CR2] However, further evidence is needed to confirm the therapeutic benefit of these immunotherapies in COVID-19 patients. Care must be taken to avoid cytokine storm effects in COVID-19 patients following these immunomodulatory therapies. By increasing the bioavailability and effectiveness of the payload, nanoparticles provide a safer delivery option for various anti-viral drugs including vaccine candidates.[@CR47] Nanoparticles decorated with recombinant human ACE2 protein on their surface may provide an effective therapeutic option for COVID-19 patients. ACE2-conjugated nanoparticles will bind to the spike protein of SARS-CoV-2 virus and may thus neutralize the virus and prevent it from binding the ACE2 receptor present on host cells.

Future Research Perspectives {#Sec10}
============================

Studies are needed to understand how a normal cell vs. cancerous cell interacts with the SARS-CoV-2 virus. This will provide knowledge on which cells are most susceptible to SARS-CoV-2, and how exactly we can target SARS-CoV-2 virus with immunotherapies, drugs and vaccines to prevent or treat COVID-19 and cancer. To study the comparative pathogenesis of COVID-19, one needs to understand and establish suitable animal models that recapitulate the comorbidity of various types of cancers and COVID-19 in patients with accuracy. Likewise, similar models should be used for testing of COVID-19 post-exposure therapeutics. Additionally, the role of specific SARS-CoV-2 proteins may be dissected by creating chimeric mouse models that express SARS-CoV-2 proteins in some tissues. Ziegler *et al*. recently demonstrated the specific human cells that SARS-CoV-2 primarily targets for infection and that human ACE2 expression in epithelial cells is interferon dependent.[@CR62] This indicates that any potential use of interferon as a treatment to fight COVID-19 will require careful monitoring to determine if and when it might help patients. Notably, a significantly weaker induction of murine ACE2 was observed in response to interferon or viral infection.[@CR62] This must be accounted for when establishing murine models for carrying out COVID-19 related research. Therefore, humanized models that are permissive to SARS-CoV-2 and capable of harboring human tumors will faithfully mimic the human condition. Ultimately, these models may be utilized to develop cancer therapies that exploit SARS-CoV-2 for cancer therapeutics. Identifying the relevant components of immune system will likely lead to new biological strategies to fight the serious co-morbidity arising from viral infections in cancer patients. It would be interesting to determine whether active SARS-CoV-2 virus can lead to cancer in mice and reveal the pathogenic impact of SARS-CoV-2 infection in established cancer models.

In summary, further research is needed to improve the understanding of the biology of SARS-CoV-2 virus, its molecular connection to cancer, and the temporal features of SARS-CoV‐2-induced inflammatory response in relation to the timing of therapeutic interventions in general, and more importantly, in cancer patients. It is likewise important for cancer patients to maintain a healthy lifestyle and take steps to support their immune system.
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